Introduction
Macroporous polymers having high cross-linking density have large surface areas and been utilized for many purposes. 1, 2 Thanks to the chemical and/or physical characteristics of highly cross-linked macroporous polymers, they have been also utilized as separation media in high performance liquid chromatography (HPLC) or as adsorbents for solid phase extraction. [3] [4] [5] Although a simple cross-linked macroporous polymer is useful as HPLC stationary phase due to rather different separation selectivity compared with that on silicabased stationary phase such as C18 stationary phase, 6 recently, those having specific molecular recognition abilities have been required based on a variety of separation requirements. [7] [8] [9] [10] Molecular imprinting technique is one of the most effective techniques to add specific molecular recognition ability toward the template onto a highly cross-linked polymer. 11, 12 In many cases, hydrophobic template molecules or modified template molecules are used in "non-covalent type" molecular imprinting techniques. This is because formation of the specific molecular binding sites is dependent on the accuracy of assembly between the template molecule and an appropriate functional monomer through weak intermolecular interactions such as hydrogen bonding, ionic interaction, and/or hydrophobic interaction. 11 These interactions tend to work preferably in hydrophobic solvents that can dissolve hydrophilic templates only with difficulty.
Therefore, it is not so easy to make molecular imprinting using only a water-soluble or highly hydrophilic template, because most of the porogen utilized in molecular imprinting, such as toluene or chloroform, cannot easily dissolve hydrophilic templates such as sugars or amino acids, while water media basically disturb the hydrogen bonding and/or ionic interaction except when using some special "host" molecules. 11 A lot of approaches have been made to realize the molecular imprinting with sugars, non-derivatized amino acids, or metals, however, monomers utilized so far are hydrophobic and few really effective methods have been established. 11 If a hydrophilic template can be dissolved in some organic solvents, the dissolved hydrophilic templates might molecularly aggregate with each other or be excluded from solvent systems to form some dissolved clusters in polymerization systems. The formation of those clusters can not result in effective molecularly imprinted recognition sites. This is also a problem of the traditional molecular imprinting method.
We would like to describe, in this paper, a possible method for "molecular imprinting" toward hydrophilic template, sugar derivatives through selective surface modification technique. We performed heat treatments of highly cross-linked polymers involving an excess of functional monomer, such as methacrylic acid. In the presence of a template molecule, the molecular recognition sites for sugar derivatives will be produced on the cross-linked polymer through orientation of active functional groups and deactivation of other residual functional groups through dehydration. Although the cross-linked polymer is rigid even at high temperature, its micro structure should be Highly cross-linked macroporous polymers were prepared utilizing ethylene dimethacrylate as a cross-linking agent, in the presence or absence of methyl-α-D-glucoside as a kind of template molecule with methacrylic acid as a functional monomer. After the preparation of the polymers, we applied a high temperature to the cross-linked polymers to study the changes of adsorption properties of the polymers for sugar derivatives including the template molecule utilized. Interestingly, the heat treatment up to 250˚C afforded improvement of relative adsorption affinity for several sugar derivatives including the template molecule, while heat treatment up to 150˚C did not afford those improvements. The detailed studies including polymers prepared using acrylic acid as a functional monomer instead of methacrylic acid prove that temperatures higher than the Tg temperature of the polymer derived from a functional monomer such as methacrylic acid and higher than the melting point (mp) of the sugar template are necessary to afford the observed improvement of relative affinity based on the surface modification effects through the heat treatment to cross-linked polymers.
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changed to result in suitable orientation of surface functional groups to recognize sugars more accurately.
Experimental
Materials Ethylene dimethacrylate, a cross-linking agent, was purchased from Wako Pure Chemicals, Ltd. (Osaka, Japan), methacrylic acid as well as acrylic acid, functional monomers, were purchased from Nacalai Tesque (Kyoto, Japan). Both monomers were purified using standard distillation techniques. 13 Methyl-α-D-glucoside (MeGlc) was used as a template molecule as received from Nacalai Tesque. Methanol and acetonitrile were of HPLC grades and were used as received.
Preparation method
Since MeGlc (mp 170˚C) is not soluble in a usual porogenic solvent such as toluene, methanol was utilized as a porogenic solvent this time. The template molecule (1.4 mmol) was admixed in the test tube with ethylene dimethacrylate (27 mmol), methacrylic acid (14 mmol) and methanol (3 -5 ml), and then polymerization was carried out at 50˚C for 24 h. After the polymerization, methanol was removed under high vacuum condition.
The cross-linked macroporous polymer was heated up to 150˚C or 250˚C for 30 min. The treated polymer rod was smashed, sieved and size classified into appropriate sizes (22 -53 µm) to be able to be packed into columns. A reference polymer was also prepared without the template molecule, MeGlc. The reference polymer was also heated up to 150˚C or 250˚C under the same strategies as those with the template molecule MeGlc.
Acrylic acid was also utilized as a functional monomer instead of methacrylic aid. This is because polyacrylic acid has a different Tg (106˚C) from that of polymethacrylic acid (228˚C), and this Tg is also lower than melting point (mp) of MeGlc. All the polymer particles were packed into stainless-steel HPLC columns using slurry techniques with a mixture of methanol, water, and 2-propanol as slurry medium.
Measurement of ion-exchange capacity
Into the column packed with the polymer particles to be measured, 30 ml of aq.HCl solution (1 M) was applied, and then 150 ml of water was subsequently flowed. After the washing of the column with aq.sodium chloride solution (1 M), eluted mobile phase was carefully titrated with the standard potassium hydroxide solution (0.10 M). This process was repeated at least three times.
Results and Discussions
Cross-linked polymers are reported to become chemically stable through heat treatment. Shea et al. reported that the crosslinked polymer derived from ethylene dimethacrylate and methacrylic acid afforded no weight loss up to 250˚C and this heating technique was applied to realize some molecular imprinting effect. 14 In fact, after the heat treatment of the polymers prepared in this study, loss of the weight of the polymers was negligible as reported in the previous report. Figure 1 shows FT-IR spectra of the polymers with or without the template, before and after the heat treatments at 250˚C. Although a high temperature was applied to the polymers, no significant changes in the wavenumbers of the peaks were observed, while the peak intensities were different among the three spectra. This is a proof that significant chemical decomposition of the cross-linked polymer is negligible under the heated conditions.
On the other hand, the amount of the ion exchange group, 56 ANALYTICAL SCIENCES JANUARY 2002, VOL. 18 which is the carboxylic acid group of methacrylic acid, tends to decrease through the heat treatment as shown in Fig. 2 . In these cases, whether the template existed or not, the amount of the carboxylic acid was decreasing similarly after 10 min and the number of remaining carboxylic acids was slightly larger on the polymer prepared with MeGlc as the template molecule. These findings suggest that intermolecular esterification between carboxylic acid and hydroxyl group of the template should be negligible, because the intermolecular esterification should loose the carboxylic acid more than that without the template. In addition, some of the template effect to retain the functional group (carboxylic acid) would work through this heat treatment.
In detailed IR studies on MMA-MAA copolymers (MMA: methyl methacrylate, MAA: methacrylic acid), a band at 3300 cm -1 was attributed to carboxylic acid dimers, while one at 3440 cm -1 was attributed to the monomers. 15 If the intensity ratio between 3300 cm -1 /3440 cm -1 is compared before and after the heat treatment, as shown in Fig. 3 , the intensity ratio was decreasing with the heat treatment at 250˚C. This observation suggests that decrement of ion exchange capacity, as mentioned in Fig. 2 , is dominantly due to loss of carboxylic acid dimers by the heat treatment. In addition, the loss of intensity attributed to carboxylic dimers was larger on the polymer prepared without the template. As shown in Fig. 2 , the decrement in the amount of carboxylic acid was found to be similar, but the decrement of carboxylic acid dimers was larger on the polymer prepared without the template, probably due to dehydration between adjacent carboxylic acids. This interesting phenomenon is only understandable as due to a template effect of the sugar derivative (MeGlc) through the heat treatment applied, which can prevent the dehydration of adjacent carboxylic acid dimers probably due to hydroxyl groups of the sugar template.
In Fig. 4 , UV spectra are shown where acetic acid or polymethacrylic acid was admixed with or without D-glucose. Interestingly, the addition of D-glucose caused almost no significant change between UV spectra in the case that acetic acid was utilized as an acid moiety, while in the case of polymethacrylic acid utilized as the acid moiety, a clear shift in UV spectra (202.5 nm to 198.5 nm) was observed by the addition of D-glucose. These findings prove that intermolecular interaction (hydrogen bonding) exists between the sugar utilized and the polymeric acid functional groups. Again, these interesting phenomena can be explained based on the existence of effective intermolecular interactions between the sugar molecule and carboxylic acid groups attached to the polymeric moiety. Therefore, if acid moieties are located close to each other on the polymer surface, an effective interaction may work with the sugar template.
If the chromatographic affinity values which can be calculated by following "Relative Affinity" are compared, after the heat treatment up to 250˚C, higher relative affinity was observed as depicted in Fig. 5 . afforded higher relative affinity values. Some preferential selectivity among each sugar can be seen, but at this moment, the detailed recognition mechanism has not been discovered.
Although the driving force of the retentivity of sugar derivatives is only due to interaction with carboxylic acid under this chromatographic condition (98% aq. acetonitrile), interestingly the heat treatment up to 150˚C did not afford an increment in relative affinity towards sugar derivatives. All the values of the relative affinity towards the sugar derivatives were around only 1.1. The temperature applied here (150˚C) was below the Tg value of the polymethacrylate polymer (228˚C) and the melting point of the template MeGlc (170˚C). Therefore, to realize higher affinity towards sugars on the polymer, it is suggested that heat treatment at a temperature higher than both the Tg of polymethacrylic acid and the mp of MeGlc would be important.
Instead of methacrylic acid, acrylic acid was utilized as a functional monomer in this case, because the Tg value of polyacrylic acid is reported to be 106˚C. Then, a heat treatment up to 150˚C was applied. In the case of polyacrylic acid, Tg is lower than that of applied temperature through the heat treatment.
The polymer prepared using acrylic acid as functional monomer did not afford higher relative affinity towards sugars even after the heat treatment up to 150˚C. All the values observed were around 1.0.
In this case, the template molecule MeGlc was thought to be solid because the mp is 170˚C, while polyacrylic acid had some flexibility due to the temperature being higher than that of the Tg. The findings obtained through heat treatments also prove that heat treatment at temperatures higher than both the Tg of polymer of functional monomer and the mp of MeGlc must afford the observed high affinity towards sugar derivatives by the surface modification technique utilized in this study.
Summary
Through an easy method, heat treatment of polymer with sugar template, higher chromatographic affinity was obtained. The detailed mechanism has not been clear at this moment, but this method will be a possible "imprinting" method for some hydrophilic target molecules. Further studies are now under progress.
